Tree-ring series of oak, from both living trees (Quercus petraea and Q. robur) and historic timbers in southeastern Slovenia were assembled into a 548-year regional chronology spanning the period A. D. 1456-2003. It is currently the longest and the most replicated oak chronology in this part of Europe located at the transition between Mediterranean, Alpine and continental climatic influence. The chronology correlated significantly with regional and local chronologies up to 700 km away in Austria, Hungary, Serbia, Czech Republic and southern Germany. It also showed good ''heteroconnection'', i.e. agreement with chronologies of beech (Fagus sylvatica), ash (Fraxinus excelsior) and silver fir (Abies alba) in Slovenia. A preliminary dendroclimatic analysis shows that precipitation and temperature in June accounted for a high amount of variance (r 2 50.51) in the tree-ring widths. The chronology thus contains considerable potential as a climate archive. We also present its use as a tool for the dating of wooden objects of the cultural heritage. Moreover, the chronology can be a point of reference for building tree-ring chronologies in neighboring regions.
INTRODUCTION
Long tree-ring chronologies are gaining increasing interest as precise reference standards for dating historical and prehistorical wood (e.g. Baillie 1995 ) and as useful records of paleoenvironmental information (e.g. Cook and Kairiukstis 1990) . During recent decades, dendrochronological techniques, among others, have been applied to reconstruct past climate, forest disturbances and past forest management practices, fire history in various woodlands, past forest insect infestations, geomorphological processes, as well as past earthquakes (e.g. Schweingruber 1988) and, last but not least, for dating pre-historic and historic human activities (e.g. Dean 1996) .
In Central and Western Europe, oak (Quercus spp.) is the most important tree and timber in dendrochronology. The genus Quercus is here mainly represented by pedunculate (Quercus robur L.) and sessile oak (Quercus petraea Liebl.), which cannot be fully differentiated in terms of their wood anatomy. Long oak chronologies are composed of living and sub-fossil trees, as well as of wood from historical and archaeological remains. Some of them cover several millennia and have been successfully used to date wood from the distant past and to derive paleo-environmental or paleo-climatic information (e.g. Eckstein and Wrobel 1982; Becker and Schmidt 1990; Wazny and Eckstein 1991; Lavier 2000; Baillie and Brown 2002; Leuschner et al. 2002; Billamboz 2003; Friedrich et al. 2004) . Even under sub-optimal dendrochronological conditions, such as in Flanders, Belgium, it has been shown that dendro-chronological dating is possible and can provide valuable information on medieval forest management practices (Haneca et al. 2006) .
It has been shown that well-replicated treering chronologies of oak are very similar to each other throughout much of Central and Western Europe (teleconnection), indicating that oak growth is affected by a supra-regional common factor (Baillie 1995; Kelly et al. 2002) . The construction of long regional oak chronologies in the countries south, southeast and east of the Alps has not been equally successful, however. Several chronologies have been established, for example in Italy and Hungary (Martinelli 1990; Nola 1991; Martinelli et al. 1992 Martinelli et al. , 1994 Grynaeus 1996 Grynaeus , 2000 , but they are of local significance and based on living trees only. Likewise in Slovenia, which is influenced by Alpine, Mediterranean and continental climate regimes and characterized by a wide phytogeographic variability, all attempts to construct a long regional oak chronology thus far have been discouraging for various reasons. The local tree-ring chronologies of various sites, for example, differ from each other to a large extent, particularly in the case of fast-growing oak trees on lowland sites (Č ufar and Levanič 1999a,b) , where tree growth is often affected by micro-site influences like ground water level (Levanič 1993; Č ater 2003; Č ater and Levanič 2004; Č ater and Batič 2006) . Therefore, it has neither been possible to extend them with tree-ring series of wood from the past nor to teleconnect them with chronologies from north of the Alps.
Nevertheless, a long reference chronology is indispensable for Slovenia and the neighboring regions in order to date wood representing the cultural heritage of the region and to obtain more information on past climate fluctuations and the paleo-environment. The objectives of this study, therefore, were (1) to construct an oak chronology for southeast Slovenia combining tree-ring series from living trees and from historic timbers, (2) to use the potential of this oak chronology as a dating tool, including teleconnection with oak chronologies in distant regions and correlation with other tree species (''heteroconnection'') in the same region, such as beech (Fagus sylvatica L.), ash (Fraxinus excelsior L.) and silver fir (Abies alba Mill.), (3) to explore its potential as a climatic proxy, including the detection of climatic factors affecting tree growth, and their stability in time, and (4) to present its potential for dating wood from historic buildings and reconstruct past human activities.
MATERIAL AND METHODS

Study Area and Wood for Tree-Ring Research
The sampling area is located east and southeast of Ljubljana, Slovenia (Figure 1 ). The climate is temperate humid and characterized by the transition from a sub-Mediterranean to a subcontinental precipitation regime (Ogrin 1996) . Phytogeographically, the region belongs to the southeastern Alpine division of the Illyrian province, with prevailing mixed deciduous forests. The predominant tree species are beech, sessile oak, pedunculate oak, sweet chestnut (Castanea sativa Mill.), hornbeam (Carpinus betulus L.) and Norway spruce (Picea abies Karst.). The natural oak sites have been mostly deforested for the benefit of agricultural production.
The wood used to construct the regional treering chronology originated from old grown oak trees in the forest districts Celje (CE) (10 trees), Novo mesto (NM) (12) and Ljubljana (LJ) (29). It was collected during regular harvesting in 2003 and 2004 or from the archive of the Department of Wood Science and Technology, Ljubljana as disks from felled trees or cores from living trees of mainly sessile oak.
The timbers for extension of the regional treering chronology originated from historic rural buildings, such as farm houses, barns and hay lofts, and from one church tower (Figure 1 ). The building timbers were very likely provided from nearby forests. The samples were collected by coring or sawing. The number of samples varied in accordance with the availability and condition of the timbers. We could not in general differentiate between sessile and pedunculate oak with certainty.
Dendrochronological Analysis
The samples were polished and the tree-ring widths measured to the nearest 0.01 mm. The TSAP/X program (Frank Rinn, Heidelberg, Germany) was used for data acquisition. The tree-ring series were visually and statistically crossdated and compared with each other by calculating the tvalue after Baillie and Pilcher (1973) using TSAP/ X and TSAP-Win. We then established 16 nondetrended, raw-data chronologies (three chronologies of living trees and 13 chronologies of buildings or building groups) and checked their intercorrelation ( Figure 2 , Table 1 ).
Because the three chronologies of living trees were highly similar to each other (t-values between 6.4 and 7.1), we decided to use all 16 chronologies to assemble one regional chronology for southeast Slovenia. We made two versions of this regional chronology, a non-detrended, raw-data and a detrended, residual chronology.
Raw-data Chronology, Teleconnection and Heteroconnection
The non-detrended, raw-data regional chronology was tested for teleconnection and heteroconnection. To test for teleconnection, we compared the southeast Slovenian chronology with oak chronologies in Austria (Wimmer and Grabner 1998; Grabner, personal communication) , Hungary (Grynaeus 2000; Morgos and Schmidt, personal communication) , Serbia (Č ufar and De Luis, unpubl.), Czech Republic (Tegel, personal communication) and south Germany (Becker 1993; Friedrich, personal communication) , all provided from the personal sources. To test the heteroconnection, we used one chronology of beech from southeastern Slovenian hills (Di Filippo et al. 2007 ), one regional chronology of silver fir Č ufar, unpubl.) , and one local chronology of ash (Č ufar and Levanič 1999a) , all from Slovenia. 
Tree-Ring Growth and Climate
The climatic influence on tree growth was studied using the residual version of the chronology obtained by the program ARSTAN (Holmes 1994) , by which the individual raw tree-ring series were standardized in a two-step procedure. First, the long-term trend was removed by fitting a negative exponential function or a regression line to each tree-ring series. Second, a more flexible detrending was made by a cubic smoothing spline with a 50% frequency response of 60 years to further reduce non-climatic variance. Subsequently, autoregressive modeling of the residuals and biweight robust estimation of the mean were applied (Cook and Peters 1997) .
The climatic data were obtained from the meteorological stations Ljubljana, Celje, Novo mesto, Bizeljsko and Kočevje of the Environmental Agency of the Republic of Slovenia within the Ministry of the Environment, Spatial Planning and Energy. The stations are representative for the sampling area (Figure 1 ). The individual climate records were checked for homogeneity according to Alexandersson (1986) . We standardized the individual climate series and then averaged them to obtain a regional climate data set for the period 1899-2003 (Figure 3) .
The climate/growth relationships were calculated using the program DendroClim2002 (Biondi and Waikul 2004) , whereby the residual version of the tree-ring chronology was the dependent variable and the regressors were the monthly mean temperatures and the monthly sums of precipitation for each biological year from the previous October to the current September. Total variance in tree-ring chronologies accounting by climate was calculated using forward stepwise regression techniques with the same dependent variable and regressors. The stability in time of the climate/growth relationships was checked by moving the correlation and the response function, calculated for a time window of 60-year length, over the time axis from 1900 to 2003 (Biondi 1997) . The program DendroClim2002 applies a bootstrap process according to Guiot (1991) to assess the statistical significance of the correlation and response function.
RESULTS
The Tree-Ring Chronology of Oak for Southeast Slovenia
The regional oak chronology for southeast Slovenia is 548 years long and covers the period 1456-2003 (Figure 4) . It was derived from 183 trees with a total of 18,390 rings. The mean length of the single tree-ring series included is 100 years. The interval of the chronology replicated with 17 or more trees and subsample signal strength (SSS).0.85 extends from 1549 to 2003. The statistics of both the raw-data and residual chronologies are given in Table 2 .
Teleconnection and Heteroconnection
The results of teleconnection of the chronologies are given in Figure 5 (for each area or data source, we listed the best matching chronology). The similarity depends on the length of overlap and on the geographical position, quality, and replication of the chronology. The highest agreement (t59.7) was obtained with the east Austrian chronology, which is geographically the nearest regional chronology. High and significant agreements were also obtained for the regional chronologies of Hungary, Moravia (Czech Republic) and southern Germany as well as for the local chronologies of Hungary and Srem (Serbia) ( Figure 5 ). The results of heteroconnection of the southeast Slovenian oak chronology with the chronologies of other tree species in Slovenia were all statistically significant. The highest agreements (t56.0 and 5.8) were obtained with ash and beech, respectively, originating from the same area. The agreement with the Slovenian fir chronology was statistically significant as well (t54.1).
The Climate Signal in the Southeast Slovenian Oak Chronology
Climate accounts for a high amount of the tree-ring width variability of oak in southeastern Slovenia (r 2 50.51). Below-average temperature and above-average precipitation in June, i.e. a cool and moist June, proved to be the most significant factors favoring oak growth (Figure 6a ). Both factors showed remarkable stability over a period of about 100 years ( Figure 6b ). In contrast, the positive influence of previous October and current September temperatures is not stable over time and is significant only for certain periods.
The correlation (r) between the residual treering chronology and June precipitation is 0.56 while the correlation with June temperature series is 20.55. In order to highlight the most distinct climate signal, temperature and rainfall of June were combined into one simple variable and graphically compared with the tree-ring width series ( Figure 7 ). This combination was obtained by normalizing the precipitation and temperature series and then taking the difference between them for each single year. This new variable (PP-T) correlated with the tree-ring chronology at r50.65.
The Castle of Pišece -An Example of Dating and Reconstructing Past Human Activities
The castle of Pišece (Figure 8 ) is an important building of Slovenian cultural heritage. It is a complex edifice whose history goes back to the 12 th Century. Because of its strategic location on the border between Slovenia and Croatia, it was founded as a fortress. It was later gradually modified and enlarged and finally became a residential castle. Based on written documents, as well as on the various building styles with distinct romanesque, gothic, renaissance and baroque elements (Golob, personal communication), its history could be well reconstructed and a hypothesis on the building phases could be postulated. The location of the castle within the sampling area for the southeast Slovenian oak chronology provides the opportunity for testing its quality as a dating tool.
From a total of 102 sampled construction elements, 40 were of oak and 27 of them were dendrochronologically dated. In Figure 8 , their tree-ring series are arranged according to the sapwood/heartwood border, thus approximately reflecting clusters of felling dates. The timbers mainly represent two building phases. The timbers felled in the second half of the 16 th Century correspond to the renaissance phase, with several repair activities. Most interesting of this period is the painted wooden ceiling, in which painted panels made of fir and spruce are attached to an oak construction. Its discovery was a great surprise, because it had been hidden for centuries, up to the most recent restoration in 2005. The timbers felled in the second half of the 17 th Century are linked to rebuilding activities in the baroque period. An in-depth interpretation of building phases will be evaluated by architectural historians.
Because the sapwood was only partly preserved on many samples it would be helpful to know the average number of sapwood rings of Slovenian oaks in order to more precisely determine the felling years of the trees. For the time being, we assume that the number of sapwood rings is similar as for oaks in Hungary where a mean value of 17 (+2/25) years is applied (Grynaeus, personal communication) .
The wooden constructions, in addition to the dating of the timbers, give information on the use of wood and on its preservation to date. However, no wood was found from the 12 th and the 13 th Century phases. The wooden constructions from the 16 th and 17 th Centuries were entirely made of oak. The leading wood species in the 18 th Century was silver fir, dated to 1752 using a Slovenian silver fir chronology , and sweet chestnut dated to 1758 by heteroconnection with the southeast Slovenian oak chronology. Oak from this period occurs only rarely.
The oaks were generally slow-growing trees (tree-ring width 0.5-1 mm), which are typical for sessile oak on dry sites. Sessile oak is considered to have been the main component of natural forests in the hilly region around Pišece at the time of the foundation of the castle. The land was later deforested in favor of agriculture, particularly vineyards. Silver fir (dated to 1752) was most likely transported to Pišece from forests within a distance of 50 km or more. The sweet chestnut from the 18 th Century constructions is thought to have originated from the surrounding forests, where it was introduced because of its edible fruits. Its timber has often been used as a substitute for oak. Other wood species in the constructions were beech, Norway spruce, and even plane (Platanus sp.) and white pine (Pinus strobus L.), which possibly originated from the 
DISCUSSION AND CONCLUSIONS
Ten years after dendrochronology was introduced in Slovenia, a 548-year regional tree-ring chronology for oak has been assembled with treering series from living trees and historic timbers. The study area, characterized by a temperatehumid climate, was for a long time considered to be sub-optimal for dendrochronological research. However, this was also the early sentiment for many other European regions, such as Ireland (Baillie 1973) , northern Germany (Eckstein et al. 1970; Eckstein 1972) or, most recently, Flanders/ Belgium (Haneca et al. 2006) , where dendrochronology has meanwhile been solidly established.
The new Slovenian chronology is well-replicated and for the time being the longest one south and southeast of the Alps. It contains a clear regional signal and therefore offers the prospect of being used as 'tree-ring calendar' for dating various kinds of wooden historic objects and thus past events, including expansion beyond the limits of the study area. At the same time, this chronology will be the basis for further extensions back into the past; the timbers from the Pišece Castle, for example, already extend the chronology back to A.D. 1442. The most challenging goal in the region, however, remains the dating of the large amount of prehistoric wood, particularly from the Roman period and the period 3500-2500 BC, when the Ljubljansko barje (Ljubljana Moor) near Ljubljana was an important site of a circumalpine pile dwelling network for which several 'floating' chronologies of oak, ash and beech have already been developed Velušček and Č ufar 2002) .
There is distinct evidence that early-summer rainfall and temperature are the dominant growthlimiting factors of oak in the region. The average mean June temperature of 17.7uC (range 14.6-22.7uC) and average sum of precipitation around 134 mm together with the longest photoperiod, seem to provide optimal conditions for wood production. Other studies have shown that favorable May and June conditions in Slovenia also positively affect flowering and crops of several wild and cultivated plants (e.g. Č repinšek et al. 2006). Importance of longest photoperiod also proved to be crucial for growth of fir and spruce in Slovenia (Gričar 2007) and of several other tree species in the northern hemisphere (Rossi et al. 2006) . The clear regional, or even supra-regional, signal reflected by the Slovenian oak chronology has been demonstrated to be climatic in its nature. Obviously, early summer conditions also determine the growth of other tree species, such as beech, ash, and fir in the same area, giving rise to the dating of historic non-oak timbers by heteroconnection with the oak chronology. However, heteroconnection is not necessarily assured continuously and spatially, but must be empirically checked and proven for each period and locality (e.g. Mü ller-Stoll 1951; Groves and Hillam 1988; Billamboz 2003) . Our results indicate that earlysummer weather conditions also possibly limit the growth of oak in neighboring countries, even north of the Alps up to south Germany, provided that the site conditions, such as soil, water storage capacity, are similar to our study region. Of particular interest, of course, are not the regions north of the Alps, which are already wellestablished dendrochronologically, but the neighboring regions south and southeast of Slovenia, such as Croatia, Serbia, Bosnia and Herzegovina show a paucity of tree-ring chronologies, despite their rich and priceless, ancient, wooden cultural heritage (e.g. Č ufar et al. 2006) . The construction of a tree-ring chronology of living oaks in Srem, Serbia, is a first step towards future networking. Networking among the tree-ring laboratories within the area south and southeast of the Alps will be necessary to meet the challenge of building a southeast European, millennium-length regional oak chronology similar to the achievements accomplished north of the Alps (e.g. Leuschner et al. 2002; Friedrich et al. 2004; Haneca et al. 2005) .
The Slovenian oak chronology is also of paleoclimatic importance. Because instrumental climate records in Slovenia and in the surrounding countries are in general only several decades long, climate data derived from tree rings are expected in the medium-term to provide urgently needed information on paleoclimate/environment and its variability. In particular, the weather in June will be the climatic signal on which future studies will have to focus. The signal of June precipitation and temperature has proven to be strong and stable in time. At the same time, June weather conditions have certainly been decisive for past agriculturebased human societies. We therefore have reasonable expectations of a reconstruction of June rainfall/temperature, as a first step for the past 500 years, and validating such data by other evidence, such as written records on crop failures, diaries, annals and the like.
In conclusion, the objectives of the present feasibility study have been achieved and call for further research, in order to study and better comprehend the cultural and natural paleo-environment in southeast Europe.
